SUMMARY
Precise directional control of pollen-tube growth by pistil tissue is critical for successful fertilization of flowering plants [1] [2] [3] . Ovular attractant peptides, which are secreted from two synergid cells on the side of the egg cell, have been identified [4] [5] [6] . Emerging evidence suggests that the ovular directional cue is not sufficient for successful guidance but that competency control by the pistil is critical for the response of pollen tubes to the attraction signal [1, 3, 7] . However, the female molecule for this competency induction has not been reported. Here we report that ovular methyl-glucuronosyl arabinogalactan (AMOR) induces competency of the pollen tube to respond to ovular attractant LURE peptides in Torenia fournieri. We developed a method for assaying the response capability of a pollen tube by micromanipulating an ovule. Using this method, we showed that pollen tubes growing through a cut style acquired a response capability in the medium by receiving a sufficient amount of a factor derived from mature ovules of Torenia. This factor, named AMOR, was identified as an arabinogalactan polysaccharide, the terminal 4-O-methylglucuronosyl residue of which was necessary for its activity. Moreover, a chemically synthesized disaccharide, the b isomer of methyl-glucuronosyl galactose (4-Me-GlcA-b-(1/6)-Gal), showed AMOR activity. No specific sugar-chain structure of plant extracellular matrix has been identified as a bioactive molecule involved in intercellular communication.
We suggest that the AMOR sugar chain in the ovary renders the pollen tube competent to the chemotropic response prior to final guidance by LURE peptides.
RESULTS AND DISCUSSION
During growth in the pistil, pollen tubes of flowering plants receive various female molecules including ions, lipids, small bioactive molecules (such as phytohormones), peptides, and glycoproteins until discharge of non-motile sperm cells into the embryo sac (female gametophyte) of the target ovule [1] [2] [3] . The gene expression profile of the pollen tubes changes gradually [8, 9] , which appears to facilitate gametophytic interactions including pollen-tube attraction and reception by the embryo sac [7] . Torenia is a unique plant species with a protruding embryo sac [10] . In the semi-in vitro Torenia system, pollen tubes growing through a cut style are attracted to the embryo sac by the LURE peptides secreted by two synergid cells on the side of the egg cell [4, 10] . In semi-in vitro culture with ovules, pollen tubes change their physiological properties-including their affinity to LURE peptides-and finally become competent to be attracted by LURE peptides [9] .
Discovery of the Ovular Factor AMOR, which Induces Pollen-Tube Competency To determine the timing of pollen-tube acquisition of competency to ovular attraction in the semi-in vitro Torenia system, we performed an ovule-manipulating assay using a glass needle ( Figure 1A) . A hand-pollinated pistil was immediately excised (15 mm) and cultivated on a thin layer of agar medium containing hundreds of ovules detached from the placenta. Pollen tubes began to emerge from the cut end of the pistil at 6 hr after pollination (hap). For the ovule-manipulating assay, a single ovule excised from a fresh ovary was picked up and positioned in front of pollen tubes using a glass needle. Competent pollen tubes were always attracted when the micropylar end of the embryo sac was placed within 30 mm of the front of the tubes ( Figure 1B ; Movie S1). By conducting the semi-in vitro pollen-tube guidance assay with various cultivation periods, we found that pollen tubes, just after passing through the cut style, were not competent to respond to the attraction signal ( Figure 1C became competent to do so over the course of 4 hr in the medium ( Figure 1C , 8-12 hap) . To distinguish whether pollen tubes acquired their competency autonomously after passing through the style or whether some factor(s) released from co-cultivated ovules was involved in competency acquisition, we cultured pollen tubes growing through the cut style for 12-14 hap in the absence of co-cultivated ovules. These pollen tubes could not become competent and did not respond to a manipulated ovule placed suddenly in front of the tubes (Figure 1C , 12-14 hap, OV-). This implies that pollen tubes growing through the cut style are rendered fully competent by an unknown factor released from co-cultivated ovules into the medium.
We investigated the properties of this putative ovular factor ( Figure 1D ). When semi-in vitro pollen tubes were cultivated with immature ovules with a non-protruding embryo sac (approximately four-nucleate stage [11] ) the tubes were not competent, suggesting that mature ovules render pollen tubes competent. Laser ablation of co-cultivated ovules showed that the embryo sac, including synergid cells, was not required. Ovules of the hybrid species Torenia hybrida (Summer Wave; Suntory Flowers), which does not produce an embryo sac, consistently made pollen tubes competent, suggesting that ovular sporophytic tissue is sufficient as the origin of the factor. No species specificity was found when we used mature ovules of related species of Lindernia, although attractant LURE peptides show species specificity even in more closely related species [12, 13] .
To confirm that a diffusible factor derived from the ovule is critical for competency acquisition by the pollen tube, we prepared pre-culture (conditioned) medium by cultivating ovules on the placenta overnight ( Figure 1E ). We then cultivated pollen tubes growing through a cut style in the pre-culture medium instead of co-cultivating it with living ovules ( Figure 1E ). After 12-16 hr of cultivation, the competency of the pollen tubes was then examined using a manipulated ovule, and they were found to be competent to respond to the attraction signal (Figure 1F , pre-culture medium). Moreover, pollen tubes became competent when dipped transiently into the pre-culture medium for 10 min followed by washing with fresh medium ( Figure 1F , washout), excluding the possibility that an ovular factor is necessary for establishing the attraction signal in the medium (e.g., as a carrier of attractants). Moreover, the effect of the pre-culture medium on pollen-tube competency was found to be concentration dependent ( Figure 1G ). These results suggest that an ovular factor induces competency of pollen tubes to respond to the attraction signal from the synergid cell. We named this ovular factor AMOR, for activation molecule for response capability.
Purification and Characterization of AMOR
We next attempted to purify AMOR from ovule pre-culture medium. Pre-culture medium of ovules (ovaries) showed higher AMOR activity compared to those of leaves, sepals, and styles, suggestive of a tissue preference ( Figure S1A ). We used ovary pre-culture medium for AMOR purification ( Figure S1B ). Hereafter, the bioassay for fractionated samples using a single manipulated ovule is termed the AMOR assay (illustrated in Figure 1E ). AMOR activity is shown as the percentage of responsive pollen tubes cultured in each fraction. We first used ion-exchange columns to purify AMOR. AMOR bound to an anion-exchange column, suggesting the existence of an acidic moiety ( Figure S1C ). The highest activity was detected in a single-peak fraction, which was subjected to further purification. AMOR bound to various lectin columns, including wheat germ agglutinin (WGA), suggesting the existence of polysaccharides (glycans; Figure S1D ). The resultant single-peak AMOR fraction was further purified by size-exclusion column chromatography. The majority of AMOR activity was found in a single peak with a relative molecular mass of $15-25 kDa, as estimated by comparison with protein markers ( Figure S1E ). Quantification of purified AMOR using a dilution series estimated that $62.5% of AMOR was collected as a single-peak fraction. No other fraction showed major activity, implying AMOR to be a single factor.
Purified AMOR was further characterized and found to be heat stable (100 C for 10 min) and resistant to proteinase K (Figure 2A) . These results suggested that a proteinaceous factor is not required for the activity of AMOR. Therefore, we examined the possibility that polysaccharides contained in the AMOR fraction might be responsible for its activity. When we applied Yariv reagent (b-GlcY), which binds specifically to the main chain of b-(1/3)-galactan of arabinogalactan (AG; type II groups [14] ), purified AMOR bound to Yariv reagent, but not to a-galactosyl Yariv (a-GalY) reagent ( Figure 2B ), an inactive analog of b-GlcY. This suggests that purified AMOR contains AG sugar chains with a b-(1/3)-galactan main chain (see Figure S2 for the structure of a typical AG). Frozen sections of Torenia ovaries stained with Yariv consistently showed that AG sugar chains are abundant in ovules and the surface cell layer of the placenta (Figures 2C-2F ). Pollen tubes grow on the surface of the placenta to reach the protruding embryo sac of ovules in Torenia. Similarly, AG sugar chains in the ovule and the transmitting tract where pollen tubes grow have been reported in Arabidopsis [15] .
In plants, type II groups of AG are generally synthesized as sugar moieties of arabinogalactan proteins (AGPs), which are heavily glycosylated plant-cell-surface proteins involved in plant growth, development, and reproduction [16] [17] [18] . AG sugar chains can be readily released from the plasma membrane as soluble factors with or without a peptide backbone [19, 20] . The importance of AG sugar chains in the function of AGP has long been suggested [21] ; however, the function of a specific AG sugar-chain structure has not been reported to date.
The Terminal Disaccharide Structure of Arabinogalactan Is Responsible for the Activation of the LURE Signaling Cascade To determine whether AG in the AMOR fraction is necessary for AMOR activity, we treated the purified AMOR fraction obtained in Figure S1E with enzymes specific to AG structures ( Figure 3A) . AG type II groups consist of a b-(1/3)-galactan backbone with b-(1/6)-galactan side chains [16, 22] (Figure S2 ). b-(1/6)-galactan side chains are partly substituted with other sugars, including single a-(1/3)-L-arabinofuranosyl residues and b-glucuronosyl (with or without 4-O-methylation) residues ( Figure S2 ). Interestingly, hydrolytic degradation of b-glucuronosyl residues attached to b-(1/6)-galactan side chains by b-glucuronidase decreased AMOR activity drastically (5.0% ± 5.0%, n = 3), whereas treatment with a-L-arabinofuranosidase and endob-(1/6)-galactanase, which act on a-L-arabinofuranosyl residues and b-(1/6)-galactan side chains, respectively, did not decrease AMOR activity significantly (66.7% ± 10.2%, n = 3) compared to treatment with heat-inactivated enzymes (53.3% ± 6.9%, n = 3; Figure 3A ). These results indicated that AG chains with b-glucuronosyl residues are responsible for AMOR activity, and that terminal modification with b-glucuronosyl residues is critical.
Based on the results of enzyme treatment ( Figure 3A) , we next examined whether (methyl-)glucuronosylated galactose, which is a terminal structure of some AG chains [16, 22] (Figure S2) , is sufficient for AMOR activity. We digested and purified side chains of AG from radish root AGPs, which are useful for biochemical analysis of AG structures [16] . To our surprise, even a fraction of the disaccharide, 4-O-methyl-glucuronosyl galactose (4-Me-GlcA-b-(1/6)-Gal), showed AMOR activity ( Figure 3B ). Not only the fraction of the disaccharide but also fractions of oligosaccharides including 4-Me-GlcA-b-(1/6)-Gal-b-(1/6)-Gal (two galactose residues) and 4-Me-GlcAb-(1/6)-Gal-b-(1/6)-Gal-b-(1/6)-Gal (three galactose residues) showed similar AMOR activity at the same concentration (1 mg/ml; Figure 3B ). The other disaccharide fraction, Galb-(1/6)-Gal, did not show any AMOR activity ( Figure 3B ). This is consistent with the finding that the terminal disaccharide structure is sufficient for AMOR activity.
To further examine the specificity of AMOR activity for 4-MeGlcA-b-(1/6)-Gal, we chemically synthesized several variants ( Figure 3C ). First, stereochemical validation of the anomeric carbon of the glucuronosyl residue in the active AMOR was conducted. Both a and b epimers of 4-Me-GlcA-Gal were synthesized by the sequence shown in Figure S3 . We found that the chemically synthesized, pure b isomer of 4-Me-GlcA-Gal showed high AMOR activity (76.7% ± 15.3% at 0.135 mM, n = 3), whereas the a isomer showed low AMOR activity (33.3% ± 5.8% at 1.35 mM, n = 3; Figure 3D ). It should be noted that only b isomers are usually found in native AGs of plants [16, 22] . We next examined synthetic GlcA-b-(1/6)-Gal lacking a methyl residue, because AG purified from radish roots was a mixture of GlcA-b-(1/6)-Gal with and without the 4-O-methyl residue. Synthetic GlcA-b-(1/6)-Gal without a 4-O-methyl residue showed significantly lower AMOR activity (3.3% ± 5.8% at 1.35 mM, n = 3), indicating that methyl modification of GlcA was also critical for AMOR activity ( Figure 3D) . Neither mono- meric (methyl-) glucuronic acid (GlcA) nor Gal showed AMOR activity ( Figure S4 ), and b-glucuronidase treatment of synthetic 4-Me-GlcA-Gal completely inactivated its AMOR activity ( Figure 3E) , as in the case of the native AMOR fraction (Figure 3A) . Taken together, these results suggested the disaccharide structure of 4-Me-GlcA-b-(1/6)-Gal to be responsible for AMOR activity.
What is the role of AMOR in the pistil? We quantified sugars of water-soluble polysaccharides of Torenia pistils using liquid chromatography mass spectrometry (LC-MS; Figure 4A ). AG sugar chains generally represent a high proportion of the total soluble carbohydrate in pistil extracts [23] . Consistent with the Yariv staining of ovaries ( Figures 2C and 2D) , the major components of AG sugar chains, Gal and arabinose ( Figure S2 ), were more abundant in the ovule fraction than in the ovary wall fraction ( Figure 4A ). We found that not only fucose and GlcA but also 4-methyl glucuronic acid (4-Me-GlcA) existed predominantly in the ovule fraction ( Figure 4A ). Moreover, 4-Me-GlcA-b-(1/6)-Gal was detected using LC-MS in the ovule fraction when the hydrolytic degradation step with trifluoroacetic acid treatment was omitted (Figures S4B and S4C) . Considering that the ovary culture medium showed higher AMOR activity ( Figure S1A ), AG sugar chains containing 4-Me-GlcA-b-(1/6)-Gal are likely to be abundant in the ovary.
Next, we performed a LURE bead assay using synthetic AMOR. Pollen tubes growing through a cut style were attracted to recombinant LURE1 and LURE2 of Torenia (Figures 4B and  4C ). Micropylar pollen-tube attraction was reconstituted by LUREs and AMOR in the absence of other ovular factors. This suggests that AMOR activates the LURE signaling pathway in the pollen tube. The necessary step involved growing through the style, and this could not be replaced with high concentrations of synthetic AMOR ( Figures 4B and 4D , without the style), suggesting that another factor in the style contributes to the competency control. Our understanding of the LURE signaling pathway is limited [3, 24] ; however, Torenia pollen tubes are likely to be rendered fully competent by AMOR in the ovary immediately prior to final pollen-tube attraction by the ovule. Precise control of the timing of competency acquisition might be mediated by abundant 4-O-methyl GlcA modification of AG carbohydrate moieties in the ovary. The AG glycosylation pattern of the pistil is controlled in a tissue-and cell-type-specific manner, including the glycosylation gradient of tobacco transmitting tissue-specific (TTS) proteins toward the ovary [25] and ovule-specific AG epitopes [15] .
Conclusions
To our surprise, a simple disaccharide structure (4-Me-GlcAb-(1/6)-Gal; Figure 3C , bottom right) contained in AG sugar chains was responsible for cell-cell communication in the pollen-pistil interaction. The mechanism of action of AMOR remains to be elucidated, i.e., whether it is recognized by a cell-surface receptor, as in the case of chitin receptor for defense [26, 27] . Disaccharide structures can be recognized by lectins [28] , and many receptor-like kinases contain lectin domains [29] . Many AGPs involved in various intercellular signaling pathways have been identified [17, 18] , including TTS, 120 kDa glycoprotein, AGP6, and AGP11 proteins for reproduction, xylogen and AGP1 for development, and AGP17 for defense and symbiosis. However, the function of AG in signaling is largely unknown [16] [17] [18] 30] . The identification of AMOR suggests the importance of a specific structure of AG for intercellular signaling. Recently, several genes that encode key enzymes for AG biosynthesis in Arabidopsis have been identified, including the potent hydroxyproline O-galactosyltransferases HPGT1, -2, and -3 for initiation of AG glycosylation on the peptide backbone [21] and b-glucuronosyltransferase for addition of GlcA to the galactan [22, 31] . Whether AMOR plays a role in the pollen-tube guidance of Arabidopsis remains unknown. Use of a combination of genetic analysis using mutants defective in AG biosynthesis with a synthetic chemistry approach will address such a general issue and open up a new frontier in plant cell-cell communication mediated by sugar chains. 
